ABSTRACT With the increasing demands for mineral resources in China, artificial-source electromagnetic prospecting is playing an increasingly significant role. Consequently, electromagnetic instruments, which are crucial for prospecting, have attracted considerable attention. In order to verify the design targets of a self-developed high-power multifunction borehole-ground electromagnetic transmitting system, field tests are carried out in the mining area of Linxi, in Inner Mongolia. Design targets, including the stability of the current waveform, maximum transmitting voltage, maximum transmitting current, maximum output power, the continuous working time of the transmitting system with high-power output, transmission in single and dual boreholes, and multifunction technical target, have been tested. The test results demonstrate that the proposed system attains the expected design targets, and its performance is excellent. Moreover, the transmitting system can meet the requirements of controlled-source electromagnetic exploration and provide valuable reference for researchers in related fields.
I. INTRODUCTION
Electromagnetic methods have played an important role in mineral resource exploration [1] - [7] . However, there are certain problems in the exploration technology of mineral resources, such as shallow detection depth, low precision, low resolution, and poor anti-interference ability. It is possible to increase the depth and signal noise ratio of electromagnetic exploration by increasing the field source power. Therefore, it is significant to enhance the power of transmitting system.
A number of instrument manufacturing companies have developed systems for electromagnetic mineral resources exploration. For example, GGT-30 and T-30, made by Zonge and Phoenix, respectively, support transmission power 30 kW [1] , [2] , [9] - [11] . Transmitting system of 70 kW, developed by the Institute of Geophysical and Geochemical Exploration, Chinese Academy of Geological Sciences, supports frequency range from 1024 Hz to 1/1024 Hz [12] . Surface electromagnetic prospecting system (SEP), developed by the Institute of Geophysical and Geochemical Exploration, Chinese Academy of Geological Sciences, is applied to surface electromagnetic prospecting [10] .
T-200, made by Phoenix, is designed for controlled-source audio-frequency magnetotelluric (CSAMT [13] ) and timefrequency EM methods. And transmitting system of 200 kW, designed by Central South University, is used for highpower wide-area EM and pseudo-random signal methods. China University of Geosciences (Beijing) has undertaken a ''high-power borehole-ground electromagnetic imaging system'' in the National High Technology Research and Development Program, since 2014. Based on this project, we have developed a high-power multifunction boreholeground electromagnetic transmitting system [14] , which has the characteristics of wide frequency range, high output power and multifunction. In addition, the system can be applied to borehole and surface electrical exploration.
Considering the various aspects of the indoor and field conditions, such as the working temperature, transmission electrode distance, ground load, and the interference conditions, we conducted field tests in the mining area of Linxi County, in Inner Mongolia. The experiment results showed that the outdoor environment was more complex than the indoor environment. The temperature of indoor tests was generally around 20-25 degrees Celsius, whereas the temperature of the field tests was greater than 30 degrees Celsius. Overall, the field tests were conducted at relatively high temperature. The transmission electrode distance is only 2 m in the indoor test, whereas the transmission electrode distance is more than 1000 m in the field test. The ground load is only 10 in the indoor test, whereas the ground load is more than 17 in the field test. And there is no interference in the indoor test, whereas the field tests are carried out in the mining area, including the construction interference. The schematic of the field test is shown in Fig. 1 . The transmitting and receiving systems have various working modes, such as, surface transmitting-surface receiving, surface transmitting-tunnel receiving, surface transmittingborehole receiving, borehole transmitting-surface receiving, borehole transmitting-tunnel receiving, and borehole transmitting-borehole receiving. In [15] , the working mode of surface transmitting-borehole receiving is introduced. In this paper, we discuss and analyze the modes of surface transmitting-tunnel receiving and borehole transmittingsurface receiving. Fig. 2 shows the test layout of transmitting system for the field test. Fig. 3 shows the current waveform recorded by the transmitting current recorder. The abscissa axis represents time, and the ordinate axis represents current amplitude. Only the partial transmitting frequencies are shown in the diagram. According to partial enlarged detail, there is no burr and jitter in the current wave, so the current waveform is highly stable. In addition, the current data represent a staircase. When the transmitting frequency is high, the transmitting current is small. Contrarily, when the transmitting frequency is low, the transmitting current is large. The actual data indicate that the transmitting current is greater than 50 A at low frequencies, whereas at high frequencies, the transmitting current is approximately 6 A. Fig. 4 is a screenshot of the control software user interface for the maximum output test in the field. The current transmitting frequency is 1.875 Hz. In the screenshot, the current frequency is the theoretical calculation value, and the real frequency is the actual transmitting frequency. The consistency of these two values shows the accuracy of frequency. The transmitting state information of the transmitter can be read from the right of the receiving buffer in the screenshot. The format of information is: $D:957.3,54.4, 40.6,26.4,39.7,52.1,E, where $D and E are the start and end identifiers, respectively. The data represent the transmitting voltage, transmitting current, power device temperature, chip temperature, space temperature, and transmitting power, respectively. The screenshot shows that the maximum transmitting voltage is 957.3 V, the maximum transmitting current is 54.4 A, and the maximum output power is 52.0 kW which is more than the design parameter of 48 kW.
II. STABILITY OF THE CURRENT WAVEFORM

III. MAXIMUM OUTPUT TEST
IV. CONTINUOUS HIGH POWER OUTPUT TEST
In order to verify the design parameter of the transmitting system for a continuous working time of 8 h with output power no less than 48 kW, we chose the typical frequency 120 Hz used in the field exploration for a long time and high-power output test. The transmitting distance between poles A and B is 1.2 km approximately and the ground load is 18 . 
V. TRANSMISSION IN SINGLE AND DUAL BOREHOLES
The borehole-ground method is an exploration method for transmitting waves in a borehole and receiving the electromagnetic responses from the ground ( [16] ).
In the field, we carried out casings transmission in single and dual boreholes, in the frequency domain. Fig. 7 displays the layout for the borehole transmitting-surface receiving electromagnetic method. The points ZKA96-51, ZKD16-38, and ZKA48-11 in Fig. 7 are the mentioned boreholes. Transmission in single borehole is at the ZKA96-51 point. Transmission in dual boreholes is at the points of ZKD16-38 and ZKA48-11. Fig. 9 displays the data VOLUME 6, 2018 These results indicate that the transmitting system supports borehole transmission.
VI. MULTIFUNCTION TEST
The developed transmitting system includes a multifunction characteristic. In order to verify this feature, we conducted CSAMT, spectrum induced polarization (SIP) [17] , and time domain induced polarization (TDIP) [18] methods tests, respectively, in the field.
A. CSAMT METHOD TEST
The CSAMT method, an artificial source frequency domain electromagnetic exploration method, has advantages including considerable exploration depth and high measurement efficiency. It is extensively used in the fields of prospecting, groundwater exploration, environmental pollution detection, petroleum exploration, engineering geological exploration, etc. Fig. 10 shows the equipment layout diagram for CSAMT method test. The distance between the transmitting electrodes A and B is approximately 1.2 km, and that between the receiving electrodes M and N is 25 m. Four receiving devices observe simultaneously, and adjacent two of them are at intervals of 25 m, as shown in Fig. 10 .
The frequency range of CSAMT method is from 9600 Hz to 0.9375 Hz, and it contains 41 frequency points, lasting for 50 min. In order to increase the lower frequency SNR, the transmitting duration of the lower frequencies is more than that of the higher. The longest duration is 320 s at 1.25 Hz in the low frequency band, and the shortest is 40 s in the high frequency band. The graph of the frequency correspondence with the transmitting time for CSAMT is shown in Fig. 11 [1] . The transmitting current and frequency exhibit such a trend because of the existence of inductive components caused by a few kilometers of electrode lines, apart from the ground load and coupling capacitance. The value of the inductance is estimated as follows:
where L is the inductance, and dare the length and diameter of electrode line, respectively. In the field tests, = 1800 m and d = 0.005 m. The transmitter load inductance is calculated to be approximately 4.83 mH, according to (1) .
The loop load model is simplified, as shown in Fig. 14(a) . As the capacitance reactance is very large, after paralleling with the inductance and resistance, the value of the loop load impedance is equal to the impedance in series with the inductor resistance, hence, a more simplified model is shown in Fig. 14(b) . The impedance of the loop load is calculated by using (2). Therefore, according to field test data, as shown in Table 1 , the values of the ground load and inductance are calculated to be 17.7 and 4.81 mH, respectively, by using (3). Obviously, the inductance calculated based on the test data, is close to the theoretical calculation value. where U is the transmitting voltage, I is the transmitting current, R is the ground load, and L is inductance. Fig. 15 shows the CSAMT time series received by receiver. The amplitudes of Ex and Ey are nearly the same, within 1-2 mVpp. The voltage signal of the same magnetic field observation is close to 10-20 mVpp, the magnetic induction intensity is approximately 0.1-0.2 nTpp, and the difference between the amplitudes of Hx and Hy is insignificant. This further verifies that the transmitting system supports the CSAMT method.
B. SIP METHOD TEST
Compared to the other geophysical methods, SIP has stronger anti-interference ability and more electrical parameters. Multiparameter interpretation can provide more abundant abnormal information and has been extensively applied in the fields of metal ore, oil and gas exploration, and geothermal resource census. Fig. 16 shows the equipment layout diagram for SIP method test. The distance between the transmitting electrodes A and B is 25 m, and that between the receiving electrodes M and N is also 25 m. Initially, the transmitter and receiver distance is 300 m, and the receivers receive information by dipole-dipole mode.
The frequency range of the SIP method is from 128 Hz to 0.0625 Hz, and it contains 12 frequency points, lasting for 15 min. In order to increase the lower frequency SNR, the transmitting duration of the lower frequencies is more than that of the higher. The longest time is 270 s at 1.25 Hz in the low frequency band, and the shortest is 50 s in the high frequency band. The graph of the frequency correspondence with the transmitting time for the SIP is shown in Fig. 17 [1] . . 18 displays the electric field time series collected by receiver. The transmitting frequency is 0.125 Hz, and the electric field values of the three channels are between 25 mVpp and 60 mVpp. The difference is due to the dissimilarity in transmitter and receiver distances of the three channels. The test result demonstrates that the transmitting system supports SIP method.
C. TDIP METHOD TEST
The TDIP method is not affected by undulating terrain and the unevenness of the resistivity of the surrounding rock. It has been extensively used in the exploration of metal ore and groundwater, achieving commendable geological effects in these fields. The equipment layout diagram for TDIP method test is shown in Fig. 19 . The distance between the transmitting electrodes A and B is 1300 m, the transmitting current is 3 A, and the pulse width is 2s. The receiving devices adopt a middle-gradient-array configuration. Moreover, there are four receivers working simultaneously, each of them observing three electric channels. Fig. 20 displays the three channels time series observed by receiver. The result indicates that the transmitting system supports TDIP method.
VII. CONCLUSION
The tests established that the independently developed highpower multifunction borehole-ground electromagnetic transmitting system can transmit stable current waveforms under conditions of strong interference in the field. In addition, the maximum transmitting voltage and maximum transmitting current were nearly 957.3 V and 54.4 A, respectively, and the maximum output power was 52.1 kW. What's more, the transmitting system operated satisfactorily for more than 8 h continuously with a 50 kW high-power output. Furthermore, it was established that it supports CSAMT, SIP, and TDIP methods, as a multifunction feature. Therefore, electromagnetic transmitting system can be utilized for field exploration. And it can be used as a reference for researchers in related fields.
